To employ an experimental model of opioid-induced bowel dysfunction in healthy human volunteers, and evaluate the impact of opioid treatment compared to placebo on gastrointestinal (GI) symptoms and motility assessed by questionnaires and regional GI transit times using the 3-dimensional (3D)-Transit system.
Introduction
Gastrointestinal (GI) adverse effects are common in opioid treated patients and collectively referred to as opioid-induced bowel dysfunction (OIBD).
1,2 They result from binding of exogenous opioids to opioid-receptors in the enteric nervous system, consequently disturbing normal GI function and manifesting in symptoms including gastroesophageal reflux, vomiting, bloating, abdominal pain, anorexia, hard stools, constipation, and incomplete evacuation. 3 Severe adverse effects are often the reason patients discontinue opioid treatment, which naturally results in inadequate pain management. 4, 5 As the prescription of opioids has increased several fold in Europe and the US recent years, an increase in adverse effects to opioid treatment has expectedly also developed. 6 Current assessments of OIBD typically rely on self-assessed questionnaires primarily focusing on constipation. 7, 8 The most commonly used questionnaires include assessment of number of spontaneous bowel movements (SBMs), the patient assessment of constipation symptoms (PAC-SYM) questionnaire, 9 the bowel function index (BFI), 10 and the Bristol stool form scale (BSFS).
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Despite elaborate focus on constipation, which is often defined as a reduction in number of SBMs, infrequent bowel movement ranks number 5 in self-assessed constipation symptoms, whereas symptoms such as gas, straining, and abdominal discomfort are far more prevalent. 12 This finding strongly emphasizes that focusing on SBMs is inadequate to describe the complete burden of OIBD. Furthermore, other health-related risk factors such as reduced mobility, age, low-fiber diet, gender, and different drugs may also contribute to the collective GI symptomatology in opioid treated patients. 13 The clinical presentation of OIBD is the result of decreased motility, decreased secretion, and dyscoordination of sphincter function in the GI tract. 14 It has previously been shown, using invasive peroral cecal intubation and serial scintigrams, that subcutaneously administered morphine delays cecum and ascending colon transit and progression of the geometric center. 15 However, reliable and minimally-invasive objective measures of OIBD are warranted in order to achieve a better understanding of the underlying mechanisms and evaluate the effect of novel pharmacological treatments on motility patterns. An attractive means of quantifying gut motility is the 3-dimensional (3D)-Transit system. This is a recently introduced, minimally-invasive, ambulatory system which--using a body-borne detection matrix--simultaneously tracks the precise position and general orientation of an electromagnetic capsule from ingestion to expulsion. [16] [17] [18] [19] Hence, the pan-enteric impact of opioid treatment can be accurately assessed, providing new insight into altered motility patterns. 20 However, opioid treated patients often suffer from comorbidities and concomitant drug use, which complicates evaluation of the underlying pathophysiological mechanisms.
Consequently, an experimental model in healthy volunteers, where these limitations are minimized, is highly merited. It was hypothesized that an experimental model of OIBD in healthy human volunteers could be established through a 5-day opioid treatment. To test this hypothesis the aims were to evaluate how orally administered opioid treatment when compared to placebo affected (1) GI symptoms and function assessed by questionnaires, (2) regional and segmental GI transit times using the 3D-Transit system, and (3) investigate whether there was an association between self-assessed symptomatology and transit times.
Materials and Methods
The trial was approved by the local scientific ethical committee, the Danish Health and Medicines Authority, and conducted in accordance with the principles of ICH-GCP of the European Union. All subjects signed informed written consent according to the Declaration of Helsinki. ), with neither current symptoms nor history of GI disease were included in the study. All subjects underwent a screening session where the volunteers were informed about the study and informed consent was obtained. Hereafter, a physician (J.L.P) evaluated their medical history and ensured that all inclusion and exclusion criteria were fulfilled, and, if eligible, subjects were enrolled in the study.
Inclusion criteria were (1) signed written informed consent declaration, (2) capable of reading and understanding Danish, (3) male of Northern European descent, and (4) understanding of what the study involved: age 20-60 years, healthy, and opioid naive. The exclusion criteria were (1) known allergy towards opioids, (2) participation in any other studies within 14 days of enrolment, (3) planned medical/surgical treatment within the study duration, (4) a need to operate heavy machinery or motor vehicles during the study, (5) any previous or current drug abuse, (6) non-removable piercings or metal implants, (7) daily alcohol or nicotine consumption, (8) any known disease that may influence the results, and (9) the use of prescribed medicine and/or herbal medicine.
Study Design
Subjects were treated for 5 days (one period) with oral prolonged-release (PR) oxycodone or placebo in a double blind, crossover design (Fig. 1) . A computer generated block-randomisation list (6 blocks of 4 subjects each and 1 subject manually randomised by study personnel which was not otherwise included in the study) was used. The personnel that generated the randomisation list also carried out proper concealment of each subject's assigned sequence in individually sealed envelopes, which allowed un-blinding of a single subject in case of emergencies. To ensure statistical power, dropouts were replaced using mirror-randomisation.
The subjects arrived at the research unit after an overnight fast. All periods started on a Monday (Day 1) where baseline GI questionnaires and muscle pressure stimulation thresholds were obtained. The first dose of PR oxycodone or placebo was administered to the subject after the baseline measurements and then repeated every 12 hours until Friday morning. Following the first 
dose, a standardized meal (375 kcal, 11.4 g fat, and 1.8 g fiber) was ingested and immediately after the meal was finished, the 3D-Transit capsule was ingested with a glass of water, approximately 15 minutes after the first dose of study medication. PR oxycodone was administered 5 mg twice daily on Monday, 10 mg twice daily on Tuesday through Thursday, and 10 mg once Friday morning. The data presented here are part of a larger protocol evaluating experimentally induced OIBD, which also included measures of colonic volume with magnetic resonance imaging (Nilsson et al. unpublished data).
Questionnaires
The subjects were asked to answer 4 validated GI questionnaires (1) BFI, 10 (2) gastrointestinal symptom rating scale (GSRS), 21 (3) PAC-SYM, 9, 22 and (4) BSFS. 11 The BFI and GSRS were administered on day 1 and day 5, whilst the PAC-SYM and BSFS were used to assess the dynamic changes of the general bowel function of the healthy volunteers and thus assessed daily.
Muscle Pressure Stimulation
To verify that the chosen oxycodone dose regimen was sufficient to provide analgesic effect, pressure algometry was included as a measure of analgesic effect. In order to improve consistency, stimuli were applied by the same examiner. 23 Subjects were trained in assessment of pain using a modified visual analog scale (VAS; a continuous scale from 0-10 with anchor words for every increment of one). The scale has been described in details previously and used extensively to assess pain intensity in several different tissues. [24] [25] [26] Pressure was applied on the dorsal forearm 10 cm distal to the elbow corresponding to the extensor digitorum muscle with a handheld algometer (Type 2; Somedic Production AB, Hörby, Sweden). The force increase rate was 30 kPa/sec adjusted to a probe size of 1 cm 2 . Two stimulations, separated by 10 seconds, were applied each day; corresponding to pain detection threshold and moderate pain (VAS = 5 and VAS = 7, respectively on the modified VAS Scale).
3D-Transit System
The technical specifications, performance and use of the 3D-Transit system is described in detail elsewhere. 20 After ingestion of the 3D-Transit capsule, the subjects were instructed to fast for 6 hours as non-digestible solids are thought to empty with phase III of the migrating motor complex, and hence a new meal within 6 hours of capsule ingestion could delay gastric emptying. 27 Subjects returned to the research facility on days 2, 3, 4, and 5, so that emitted signals from the capsules could be monitored in real-time.
This was done to confirm retention or expulsion of the capsules. Subjects were asked to refrain from hard physical work and sports. To confirm expulsion of the capsule by loss of signal on the 3D-Transit recording, subjects were instructed to register the exact time of defecation during the study periods. Total GI transit time was defined as the time between ingestion and expulsion of the capsule. If the capsule was not expelled by day 5, the recording was stopped, and the time of the last confirmed signal from the capsule was used as the earliest possible expulsion time. Based on previously validated principles, regional transit times were determined in the 3D-Transit analysis software from changes in contraction frequencies observed on the capsule rotation graphs, the time-frequency map for the recording, and 2D overview of capsule position. 18 Gastric emptying was defined as the time from ingestion until pyloric passage, the latter identified as a shift from approximately 3 contractions per minute (cpm) to 12 cpm, in combination with the characteristic 2D image of passage through the duodenal arch. As the ingestion time for the first dose of oxycodone and ingestion time of the 3D-Transit capsule was only 15 minutes apart, gastric emptying was not analysed in this study, as the short time interval did not allow for oxycodone to be sufficiently absorbed and induce OIBD in the gastric segment. Small intestinal transit time was defined as the time between pyloric passage and ileocecal passage. Ileocecal passage was identified as a decrease in contraction frequency from 6 cpm, characteristic of the distal ileum, to 3 cpm, typical of the colon. Identification of ileocecal passage was supported by a rapid lateral movement in the lower right quadrant. Total colorectal transit time was defined as the time between ileocecal passage and expulsion of the capsule. In order to obtain the segmental transit times of the colon, a new method for 3D visualization and determination of the trajectory traversed by the magnetic capsule in the colon was developed. The raw positional data from the magnetic capsule were pre-processed prior to visualization. To enhance visualization of the trajectory, samples with considerable noise and artefacts coming from patient movement or external noise based on signal strength of the capsule and accelerometer data were removed. Additionally, the positional data were low-pass filtered using a second order Butterworth filter. Samples were then averaged for every 10 minutes providing a more uniform trajectory visualization as the capsule may remain in the same position within the colon for several hours.
The algorithms were incorporated into a custom Matlab (R2014b version 8.4.0.150421, MathWorks, Inc, Natick, MA, USA) application with a graphical user interface allowing the user to visually inspect the trajectory traversed by the capsule and select landmarks corresponding to the hepatic flexure, splenic flexure, and descending-sigmoid junction. Hereby, segmental colonic transit times could be calculated. In Figure 2 , an example of a 3D trajectory visualized in the graphical user interface is shown.
All regional transit times were determined by the same investigator (J.L.P.). Inter-observer agreement was not done, as it previously has been shown to be good for both an earlier version of the 3D-Transit system 18 and the same version as used in the present study. 20 All segmental colonic transit times were determined by the same investigator (T.H.S.). In case of doubt, regional or segmental passage was discussed with another investigator (M.N., J.L.P., or T.H.S.).
Data Analysis and Statistics
All data are presented as means (95% confidence interval) unless otherwise stated. All data were assessed for normality and handled accordingly with parametric or non-parametric statistics. Statistical analysis was performed with treatment coded as "treatment A" and "treatment B," and un-blinding was not performed until all data had been processed.
Baseline-corrected data from the BFI questionnaire were analysed with a paired t test. Data from the GSRS questionnaire were baseline-corrected and analysed in a two-way ANOVA with factors treatment (oxycodone and placebo) and questionnaire dimension (abdominal pain, reflux, indigestion, diarrhea, and constipation). Data from the PAC-SYM and BSFS questionnaires and pain detection thresholds were baseline-corrected and analysed with twoway ANOVAs with factors treatment (oxycodone and placebo) and day (days 2, 3, 4, and 5). For all ANOVAs, Tukey's post hoc test was applied where relevant. Transit time data were non-parametric, and are presented as medians and ranges. Wilcoxon signed rank test was used to compare segmental transit times during the 2 treatments. Spearman's rho was used to identify associations between questionnaire scores and transit times. P-values < 0.05 were considered significant. Statistical analyses were carried out using Stata (Version 13.1; StataCorp LP, College Station, TX, USA) and SPSS (Version 22; release 22.0.0.0, IBM Corp, New York, USA).
Results
Twenty-six subjects were enrolled in the study; 1 subject was excluded during day 4 in the first period due to non-compliance. This allowed a total of 25 subjects to complete the study.
Questionnaires
BFI scores increased 34 points during oxycodone treatment vs 3 points increase during placebo treatment (P < 0.001) (Fig. 3) . Total GSRS scores likewise increased during oxycodone treatment (P < 0.001) (Fig. 3) . The post hoc test revealed increased scores during oxycodone treatment for the dimensions abdominal pain (P = 0.031) and constipation (P < 0.001). For the PAC-SYM significantly higher scores were found during oxycodone treatment on day 4 (6.5 vs 1.9 during oxycodone vs placebo, respectively; P < 0.001) and day 5 (7.0 vs 2.0 during oxycodone vs placebo, respectively; P < 0.001), but also within the oxycodone treatment period there were significant increases between day 2 and day 4 (2.0 vs 6.5 day 2 vs day 4, respectively; P = 0.002) and between day 2 and day 5 (2.0 vs 7.0 day 2 vs day 5, respectively; P < 0.001). Number of bowel movements were lower on day 2 during oxycodone treatment compared to placebo, 0.9 vs 1.7 (P = 0.001), but not for other days. Stool form scores also decreased significantly during oxycodone treatment for all days compared to the placebo (37%, 52%, 64%, 40%, and 73% lower scores for day 1 through 5; all P < 0.05).
Muscle Pressure Stimulation
The analgesic effect of oxycodone was validated in the pain model with an 8% increase in pain detection threshold to muscle 
Total and Regional Transit Times
Of the 50 capsules ingested (1 per period per subject), full recordings were obtained in 44 cases. Technical problems lead to insufficient recordings in 2 cases, in whom it was only possible to determine the total GI transit. In 4 cases it was not possible to determine any transits due to faulty capsules. This led to 19 subjects with full recordings of all regional and colon segment transits in both periods, and 21 subjects with total GI transit in both periods. Capsule retention on day 5 occurred in 7 recordings (6 during oxycodone treatment and 1 during placebo). No adverse events were registered.
Oxycodone treatment increased total GI transit (P < 0.001) and colorectal transit (P = 0.001). For the colonic segments, oxycodone treatment increased cecum and ascending colon transit time (P = 0.012) and rectosigmoid transit time (P = 0.044). No other segmental transits were significantly different during oxycodone treatment compared to placebo (Table) .
Correlations
No associations were found between questionnaire scores and segmental transit times (all Spearman's rho < ± 0.5; all P > 0.05).
Discussion
This study has shown that the chosen dose regimen induced OIBD symptoms verified by increase in subjective symptom scores across all GI questionnaires. Furthermore, short term PR oxycodone treatment significantly increased the total GI transit time, colorectal transit time, and segmental colonic transit times in the cecum and ascending colon, as well as the rectosigmoid colon. The increase in pain detection thresholds suggests adherence to treatment. No associations between questionnaire scores and transit times were detected.
Both the BFI, specifically designed and validated to assess opioid-induced constipation, and the more comprehensive GSRS, increased significantly during oxycodone treatment, 10 convincingly implying the desired constipating effect. Particularly interesting was that not only the constipation dimension of the GSRS but also the abdominal pain dimension increased. Of special note are the daily assessed PAC-SYM scores, revealing a progressively constipating effect with significant increases on day 4 and 5--both during oxycodone treatment when compared to placebo, but also within the oxycodone arm when compared to day 2. In agreement, stool form score decreased for all days during oxycodone treatment compared to placebo, but SBM frequency only decreased on day 2 in the oxycodone arm compared to placebo. The 3D-Transit system added interesting insights in regional transit times during oxycodone treatment. It has previously been shown that intravenous morphine increases oro-cecal transit evaluated by breath tests. 28 The current data is supported by a comprehensive study by Kaufman et al, 15 who showed that subcutaneously administered morphine decreases transit in the cecum and ascending colon as well as geometric center transit. However, fewer subjects underwent a highly invasive method with peroral cecal intubation in this study, where only fluid meals were allowed, and the subjects were subjected to a series of scintigrapic images, consequently exposing them for radiation. Thus, clinical studies investigating colonic transit in response to for example, pharmacological interventions, necessitate less invasive methods such as the ambulatory and minimally-invasive nature of the 3D-Transit system. The significantly prolonged transit during opioid treatment in the cecum and ascending colon, but not in the transverse and descending colon, indicates that the origin of pathophysiological motility is in this colonic segment. The analysis software for the 3D-Transit system is still in its infancy, but the current system is able to provide precise anatomical position of ingested capsules, description of contractile activity and luminal progression through well-defined regions of the GI tract. 20 An alternative, but invasive, method to examine colonic motility patterns is high-resolution fiber-optic manometry. 29 A recent study employing this technique in slow transit constipation patients found that the normal increase in the postprandial propagating cyclic motor pattern was absent in patients when compared to healthy controls. 30 Similar studies in slow transit constipation patients have found a reduced daily frequency of high amplitude propagating sequences (also recognised as mass movements and responsible for a significant proportion of propulsive activity in the colon), and that all high amplitude propagating sequences originate in the proximal colon. 29, 31, 32 It is therefore plausible that the prolonged colonic transit times during oxycodone treatment in this study share-at least partly-pathophysiological characteristics with slow transit constipation, and that further development of the 3D-Transit software could elucidate this neglected, yet important aspect of GI motility. Along the same line, the increased transit in the rectosigmoid colon during oxycodone treatment could indicate that not only transit, but possibly also defecation, is affected. This may be an indirect consequence of prolonged transit leading to increased passive absorption, resulting in harder, dryer stools, which are difficult to pass. In addition, the recto-anal inhibitory reflex has also been found to be inhibited during opioid administration further complicating defecation. 33 No difference in small intestinal transit was observed, but as previous studies have been contradictory, methodological refinements are likely needed to report consistent findings. [34] [35] [36] Recent in vitro studies in rodents has demonstrated tolerance to opioids in the upper, but not the lower GI tract. 37, 38 Therefore differences in tolerance may partly explain our findings although direct translation to human in vivo physiology is highly questionable.
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No associations between questionnaire scores and transit times were found. At first, this may seem surprising, but could reflect that the clinical presentation of OIBD is multi-faceted and the self-assessed symptoms are highly subjective, and does not always correspond with the objective findings. This is underscored in a study by Bell et al, 40 who found that many opioid-treated patients report normal stool frequency, but still experience symptoms of OIBD, and Johanson and Kralstein 12 who found that infrequent bowel movement ranks only number 5 in self-assessed constipation symptoms. Moreover, stool frequency correlates poorly with both measured whole-gut and colonic transit time, and only a modest correlation between GI transit and stool form exists in chronic constipated patients. 41 This strongly accentuates the limitations of studies using number of SBMs as the primary outcome measure, as it may potentially underestimate symptoms regarded more bothersome for the patient. Our study supports these results, as SBM frequency only changed on day 2, but other OIBD symptoms were present throughout the study along with the significant increased transit times in the colon. A major advantage of our study is the use of healthy volunteers. In a clinical setting, factors known to affect bowel function such as immobility, concomitant drug use, dehydration, anorexia, previous GI surgery, haemorrhoids, but also psychological factors such as depression and anxiety can influence the outcome, and hence it can be difficult to evaluate the contribution of the variable of interest--in this case oxycodone. 42 By applying an experimental model, where these factors are controlled, this allows us to examine the underlying pathophysiology and development of GI symptoms during oxyco-done treatment with low risk of confounding and bias. Of course, a model like this should be validated in a clinical setting. Due to ethical reasons we chose only to treat the volunteers for 5 days. Despite this, our results clearly show that significant changes in bowel function and GI adverse effects could be induced. It is therefore plausible, that a longer treatment and/or higher dose would have resulted in even more pronounced symptoms. This scenario would also be more similar to the typical opioid treated patient. Moreover, a chronic pain condition may also result in a more sedentary lifestyle, known to negatively affect bowel function. 43 The lack of gastric emptying data could influence the transit time and upper gut function during oxycodone treatment, but due to the logistics in study design these were not valid. Furthermore, the loss of data due to technical problems and faulty capsules resulting in 19 subjects with full recordings for all GI regions was unfortunate, as this, combined with the wide intra-and inter-individual variation in transit times, hampers the possibility to detect significant differences. Capsule retention on day 5 in 7 recordings affected precise calculations of colorectal and total GI transit times. As it occurred in 6 recordings during oxycodone treatment, but only once in the placebo period, it has resulted in a systematic underestimation of colorectal and total GI transit time during oxycodone treatment. Also, one could argue that the use of only male volunteers in our study restricts external validity. The reason for this was to avoid potential confounding on GI symptoms and function due to the female menstrual cycle. [44] [45] [46] As functional constipation is also more prevalent among women than men, 47 and if opioid-induced constipation and (slow-transit) functional constipation share pathophysiological mechanisms, it is not unlikely that the prevalence of GI adverse effects due to opioid treatment would be equally frequent in women.
In conclusion, OIBD can be experimentally induced through 5 days of oral PR oxycodone treatment, as subjectively evaluated by validated GI questionnaires and objectively by increased total GI transit time, colorectal transit time, and segmental colonic transit times in the cecum and ascending colon, and rectosigmoid colon. Our study highlights the advantage of combined, comprehensive subjective and objective evaluation, and the limitation of focusing on SBMs as the sole or primary outcome measure when assessing OIBD. Accordingly, this experimental model provides a tool for detailed investigation of pathophysiological motility in a controlled environment, which may be used in comparative studies of treatments against this burdensome condition. Author contributions: Jakob L Poulsen: data acquisition, data interpretation, drafting of manuscript, and statistical analysis; Matias Nilsson: data acquisition, data interpretation, and drafting of manuscript; Christina Brock: study supervision, study design, data interpretation, statistical analysis, and revision of the manuscript for important intellectual content; Thomas H Sandberg: wrote algorithm and graphical user interface for assessment of regional colonic transit time, data interpretation, and drafting of manuscript; Klaus Krogh: data interpretation and revision of the manuscript for important intellectual content; Asbjørn M Drewes: obtained funding for the study, study supervision, study design, data interpretation, and revision of the manuscript for important intellectual content.
